Humans are particularly good at copying novel and meaningless gestures. The mechanistic and anatomical basis for this specialized imitation ability remains largely unknown.
INTRODUCTION
Imitation, which is critical for learning to communicate through gesture, to use tools, and to acquire complex skills, has been the subject of much speculation and investigation since the start of the 20 th century. What has become clear is that most non-human animals, including chimpanzees and other great apes, are very limited in their ability to copy gestures that are novel or meaningless (Whiten et al., 2004) . Humans, in contrast, appear to possess a unique imitationspecific specialization: from a very young age we are very good at copying meaningless gestures that have no goal, semantic meaning, or desired outcome other than the action itself (Subiaul, 2016) . The component processes that comprise this distinct imitation ability remain largely unknown.
Current views of imitation in humans emphasize the need for a representation of the body (Buxbaum et al., 2000; Goldenberg, 2009; Goldenberg, 2013) . Evidence for this stems in large part from research into the curious condition of ideomotor apraxia, in which patients have normal movement ability -e.g., hand pre-shaping during prehension or arm kinematics during reach-to-grasp (Buxbaum et al., 2005; Ietswaart et al., 2006 ) -but impaired imitation ability (Buxbaum et al., 2014) . This condition is particularly puzzling in patients with unilateral lefthemisphere strokes, in which imitation ability is impaired bilaterally including on the ipsilesional (left) side. Studies in these patients and in healthy controls have led to the theory that humans imitate meaningless actions by computing the set of transformations required to move or reposition this body-schema representation to match the actor; this facilitates the ability to recognize and copy static postures (Goldenberg, 1999) or dynamic actions (Schwoebel et al., 2004) .
However, specifying the form of a gesture does not necessarily need to rely on a description of relative body configurations. Another important movement feature is the path traced by the end-effector. For example, specification of the movement trajectory, rather than a transformation of the body schema, is likely the route by which actions such as writing are controlled; for example, writing the letter "S" only requires a representation of the sinuous shape along which the end-effector must move. Indeed, handwriting must have an effector-independent representation of trajectory path because kinematic characteristics are preserved regardless of the effector used to execute the action (Rijntjes et al., 1999; Wright, 1990) or the size scale at which it is performed (Kadmon Harpaz et al., 2014; van Galen and Teulings, 1983; Wing, 2000) .
Recently, we demonstrated that this ability to abstractly represent the desired trajectory path can be useful for planning complex actions, such as reaching around obstacles (Wong et al., 2016) .
Moreover, this ability to represent effector-independent movement trajectories is likely the means by which non-primates such as dolphins can imitate human actions Xitco Jr et al., 1998) , since dolphins don't have multi-segmented arms and are therefore unlikely to have an internal body-schema representation that affords imitation of human arm movements.
We hypothesized, therefore, that if one carefully explores what it means to imitate, it is possible to identify a second route to imitation: one that does not involve processing body-part relationships and their changing positions, but is instead trajectory-based and body-independent.
If there are indeed two distinct routes to imitation, a reasonable follow-up question is to ask whether these routes are mediated by the same brain regions. Current evidence suggests that the ability to perform complex actions such as imitation becomes impaired when there is damage to the left inferior parietal and premotor cortex (i.e., Brodmann areas 40 and 6, among others) (Buxbaum et al., 2014; Caspers et al., 2010) . Neural activity in both of these regions tends to be quite similar across a number of tasks, such as during action observation (Buccino et al., 2001; Buccino et al., 2004; Wheaton et al., 2004) . However, given the flow of information from visual cortex to motor cortex, there is likely a caudal-rostral gradient along which information processing progresses from being largely tied to perceptual information to being more reflective of motor planning. In line with this, the posterior parietal cortex has also been implicated in processes related to visual imagery and manipulation of the body schema, such as the ability to perform mental rotations of body parts (Bonda et al., 1995; Zacks, 2008) or distinguishing between mirror-reversed shapes (Davidoff and Warrington, 2001) . In contrast, neural activity in dorsal premotor cortex modulates according to the trajectory path taken to reach a target Wise, 1990, 1991; Pearce and Moran, 2012) . Thus, we hypothesized that if there is a route to imitation that involves the representation of movement trajectory path, the neural substrates of such a representation are maintained in dorsal premotor cortex and not inferior parietal cortex.
To address our behavioral and anatomical hypotheses, we required healthy control participants and patients with left hemisphere strokes to imitate unfamiliar, meaningless movement trajectories. Imitation was tested using the left hand, which in patients corresponded to their ipsilateral limb (i.e., the unaffected side) Since the shape of the motion itself was the goal of the action, we could ascertain whether imitation of meaningless trajectories was intact in these patients. Critically, participants were cued by watching either a video of an actor or the motion of a cursor on a screen; if patients had equal difficulty with these two cuing conditions, this would call into question whether imitation deficits always stem from body-representation deficits and support our idea of an alternative, body-independent route to imitation. We recruited patients with heterogeneous lesion locations that, as a group, included the dorsal premotor and inferior parietal cortices, with the anticipation that patients might exhibit a range of imitation abilities depending on the exact location of their lesion. This enabled us to examine the relationship between lesion location and imitation ability to test where movement-trajectory paths may be computed.
RESULTS
Twenty-one patients with left-hemisphere stroke ( Fig. 1 ) and thirteen age-matched controls were asked to imitate meaningless trajectories after watching the movement of either an actor (body-cued stimulus) or a cursor (body-free stimulus). Trajectories were reasonably complex ( Fig. 2 ) in that they were concatenations of multiple straight or curved movement segments that were executed in a smooth, continuous fashion. To provide a frame of reference (e.g., potential via points) for the stimulus trajectories, either one or five static landmarks were also displayed throughout the movement. After viewing a stimulus, participants were asked to either imitate the observed movement trajectory by moving their left (non-paretic, non-dominant)
hand along a vertically mounted Plexiglass surface (Production task), or to report with a button press whether a subsequently displayed static image had the same or different (mirror-inverted) shape compared to the stimulus trajectory (Perception task).
Patients and controls exhibited comparable point-to-point reach kinematics
We first analyzed the imitation of point-to-point reaches to confirm that the ability to reproduce straight movement paths was unimpaired in patients. Example point-to-point movements for a representative control, a patient with dorsal premotor but without inferior Figure 2 . Reach trajectories employed in the Production and Perception tasks. Trajectories were cued by observing the movement of either an actor or a cursor, and were made with reference to either one (top panel) or five (bottom panel) landmarks. These static shapes were derived from motion trackers placed on the actor, and were displayed in the Perception task. In the one-landmark condition (top), motion always began at the central target; in the five-landmark condition (bottom), the starting location of the trajectory varied for each stimulus shape.
parietal lobe damage (patient 6 in Figure 1) , and a patient with inferior parietal lobe damage but without dorsal premotor damage (patient 1 in Figure 1 ) are shown in Figure 3 . As can be seen by comparing the three top panels of the figure, all three participants produced similar movements.
This observation was confirmed in a group-level analysis focusing on the ability to generate reaches that were straight and aimed in the correct direction. Specifically, we measured the straightness of the movement path (maximum hand-path deviation from a straight line) and the initial reach direction error (deviation of the aiming direction of the hand 100 ms after movement initiation). The patient and control groups did not differ in either the straightness of the movement path (patients: 4.28 ± 2.91 mm; controls: 3.49 ± 1.72 mm; χ 2 (2) = 3.26, p = 0.20) or the initial direction error (patients: 3.48 ± 2.96° ; controls: 5.39 ± 1.79°; χ 2 (2) = 0.25, p = 0.62).
Thus, patients and controls imitated point-to-point reaches with comparable accuracy, suggesting Figure 3 . Examples of imitated trajectories from a single control participant (left column), a patient with dorsal premotor but without inferior partial damage (center column), and a patient with inferior parietal lobe damage but without dorsal premotor damage (right column). In all panels, imitation of a body stimulus is shown in blue and imitation of a cursor stimulus is in green; the thick gray line reflects the ideal movement as performed by the actor. Point-to-point trajectories were comparable across participants (top row). In contrast, imitation ability for complex paths (bottom row) was worse for the patient with dorsal premotor damage than the other two participants, for both the body and cursor conditions. Imitation ability was quantified using a shape dissimilarity (Procrustes distance, PD) metric, in which larger values indicate worse replication of the actor's movement.
that the ability to perceive and reproduce simple goal-directed actions was unimpaired.
Imitation of complex trajectories was impaired in patients with left hemisphere damage Despite being able to produce straight point-to-point trajectories, at the group level patients with left hemisphere damage often exhibited deficits in the ability to reproduce the shapes of movement trajectories in the Production task (see Methods). Example trajectories are shown in the bottom panels of Figure 3 . Shape imitation errors were quantified by calculating a dissimilarity score (Procrustes distance metric) (Goodall, 1991) between the movement of the actor/cursor displayed in the stimulus and the trajectory produced by the participant. Mean dissimilarity scores are shown in Figure 4 at both the group (bars) and participant (lines) level.
Although patients exhibited a wide range of dissimilarity scores, as a group their scores were generally larger than those of the controls but similar between the body-cued or cursor-cued stimuli. Consistent with the lack of a main effect of stimulus type on imitation performance, participants that exhibited larger shape dissimilarity scores in the body condition also performed worse during the cursor condition. Regression analyses indicated that participants' average shape dissimilarity in the body task was highly correlated with their average shape dissimilarity in the cursor task, with a slope near 1 and intercept near 0 (R 2 = 0.78; slope = 0.902, intercept = 0.006).
Similar results were obtained when considering only the stroke participants (R 2 = 0.78; slope = 0.88, intercept = 0.015). Thus, the ability to imitate trajectory paths was not different whether participants were given information about the configuration of the entire limb or saw only a body-independent representation of the end-effector.
Although we would not expect low-level motor impairments to impact the ability to imitate complex actions (despite the potential of mild motor deficits on the ipsilateral side (Krakauer and Carmichael, 2017) ), our metric of imitation ability cannot strictly distinguish between poor imitation and poor motor control. To confirm this assertion, we examined correlations between the ability to generate point-to-point reaches and imitate complex gestures.
As expected, we found no correlation between the performance of point-to-point reaches and
shape dissimilarity in the Production task (maximum hand-path deviation: R 2 = 0.035, p = 0.413; initial direction error: R 2 = 0.01, p = 0.53); thus, measures of imitation impairments did not simply reflect problems with aiming or controlling the limb. Additionally, patient performance could not be explained by a nonspecific cognitive effect of lesion volume, as there was no relationship between shape dissimilarity and total lesion volume (R 2 = 0.001, p = 0.857).
Trajectory perception was also impaired in patients with left-hemisphere damage
One potential concern was that imitation deficits could arise not because of problems in generating the desired action, but in simply being able to perceive the movement to be copied.
Hence, to examine deficits in the ability to perceive rather than produce the shape of the trajectory path, participants were required to also complete a second task (Perception task) in which they observed a movement trajectory as in the Production task, but then simply had to make a binary choice (yes/no) as to whether a subsequently displayed static image had the same shape as the path of the viewed stimulus trajectory. As before, the stimuli could be cued either by an actor or a cursor.
Mean accuracy and reaction time (RT) in identifying a static shape as being the same or different from the observed movement are shown in the Figure 5A and 5B, respectively. As with For RT ( Figure 5B ), a mixed-effects model showed a significant main effect of group (χ 2 (2) = 24.43, p = 0.0001), with patients having longer RTs than controls (2623.7 ± 948.3 ms and 1638.4 ± 696.0 ms respectively). We also observed a significant interaction between group and testing order (whether the Production or Perception task was performed first; χ 2 (1) = 3.867, p = 0.049) that was not observed for the Production task or for Perception accuracy, but no main effect of testing order (χ 2 (1) = 3.006, p = 0.083). In this interaction, controls exhibited slower RTs when the Perception task followed the Production task; patients exhibited no effect of testing order. Importantly, we again observed no significant effect of stimulus type (χ Together, the accuracy and RT data suggest that patients in general exhibited disrupted performance on the Perception task compared to that of control participants, and performed similarly when the movement was cued by an actor or a cursor. Thus, as with the Production task, availability of information about the relative positioning of the limb segments did not strongly influence the ability to accurately perceive and report the observed trajectory path.
Performance on the Production and Perception tasks were uncorrelated
The previous two sections indicate that left hemisphere damage disrupts performance on both the Production and Perception tasks. Since these analyses were performed at the group level, it is important to understand whether the same participants exhibited deficits on both tasks (indicating that both tasks potentially rely on the same underlying computational processes or that difficulties in the Perception task can account for impaired performance in the Production task), or whether the group-level deficits stemmed from different subgroups of patients that were impaired on only one of the two tasks (suggesting that separate processes may underlie performance of the Production and Perception tasks).
The relationships between shape dissimilarity in the Production task and performance (accuracy and RT) in the Perception task are shown in Figure 6 . As can be seen in the figure, there was no clear relationship between performance on the two tasks. Interestingly, several patients exhibited relatively good performance in the Production task (low shape dissimilarity) but disrupted performance on the Perception task (low accuracy/high RT), while other patients exhibited the opposite trend.
To confirm these impressions, we used a mixed-effects model to predict Production-task shape dissimilarity using Perception-task accuracy and RT as well as the primary task factors (e.g., group and stimulus type). We observed a significant main effect of group on shape Thus, across both groups we observed a dissociation between how participants performed on the Perception and Production tasks, which indicates that a subset of participants had difficulties specifically in the ability to imitate but not to simply report the shape of the desired movement.
Lesion analyses
Given the heterogeneity of patient performance in both the Production and Perception tasks, our final set of analyses focused on understanding this variability based on lesion location.
We utilized two complementary lesion-analysis approaches. First, we performed Support Vector
Regression-Lesion Symptom Mapping (SVR-LSM) analyses (Zhang et al., 2014 ) to examine the voxel-level relationship between performance in the behavioral tasks (shape dissimilarity for the Production task and both the accuracy and RT measures for the Perception task) and the patients' lesion locations. Second, we performed a Region of Interest (ROI) analysis (Buxbaum et al., 2014) to examine the contributions of specific brain areas (defined on the lesion maps according to Brodmann areas) that we hypothesized to be involved in imitation based on prior research; this included dorsal premotor cortex (Brodmann area 6) (Caspers et al., 2010; Hocherman and Wise, 1990; Pearce and Moran, 2012) , and inferior parietal cortex (Brodmann areas 39 and 40) (Buxbaum et al., 2014; Kadmon Harpaz et al., 2014) . The ROI analyses allowed us to identify larger neural regions correlated with behavioral impairments that might be missed with a voxellevel analysis like SVR-LSM, particularly if there is inter-subject variability in the individual voxels associated with the task. Importantly, the results of both lesion analysis approaches were found to be consistent; we report the outcomes of both approaches below.
The SVR-LSM analysis of lesions associated with shape dissimilarity in the Production task (averaging across stimulus type; voxel-wise p < 0.005 and controlling for multiple comparisons using a p < 0.05 cluster-level correction) is shown in Figure 7A . The lesions contributing most highly to increased shape dissimilarity were located in the dorsal premotor and primary motor cortices. These regions were highly overlapping for the body and cursor conditions when analyzed separately ( Figure 7B ; voxel-wise p < 0.05 and controlling for multiple comparisons using a p < 0.05 cluster-level correction). This large region of overlap corresponds nicely to the lack of significant effect of stimulus type in the behavioral data, as will be discussed below.
In contrast, although the SVR-LSM analyses for the Perception task failed to reach statistical significance after correction for multiple comparisons, Perception accuracy and RT were associated with damage to the parietal lobe when examined at a reduced statistical threshold (voxel-wise p < 0.05; Figures 7C,E). Perception task accuracy and RT were most strongly associated with damage to the superior portions of the supramarginal gyrus and posterior portions of the angular gyrus. Perception task RT was also associated with damage to the portion of the dorsal premotor cortex associated with shape dissimilarity in the Production task, as well as damage to middle occipital gyrus. For the Perception task, regions associated with the body and cursor conditions remained similar but with slightly less overlap than in the Production task ( Figures 7D,F) . Nevertheless, in general the findings from the SVR-LSM analysis suggest that lesions to different regions of the brain are associated with performance in the Production and Perception tasks respectively, with the former largely correlated with lesions in dorsal premotor cortex and the latter correlated with lesions in inferior parietal lobule and middle occipital gyrus. In contrast, lesions generally overlapped when responses in either task were cued with a body-based or body-free stimulus.
Findings from the ROI analyses were consistent with the results from the SVR-LSM analysis. Specifically, for the Production task, the proportion of damage to Brodmann area 6 (premotor cortex) significantly predicted shape dissimilarity (χ 2 (1) = 6.22, p = 0.050). In contrast, for the Perception task, there was a significant correlation between accuracy and proportion damage to Brodmann area 40 (supramarginal gyrus) (χ 2 (1) = 6.67, p = 0.039). No other regions were found to correlate with any of the performance metrics from the Production or Perception tasks, and there was no significant effect of stimulus type in any cases.
Taken together, the results of the two lesion-analysis approaches, along with the lack of correlation in performance across patients for the Production and Perception tasks, suggest a dissociation between the brain regions required to perform the Production and Perception tasks.
DISCUSSION
Although imitation is widely recognized as an important aspect of learning, communicating, and using tools, the mechanisms by which imitation occur are not well understood. Here we demonstrated that individuals imitate meaningless actions by representing and reproducing the kinematic shape of the end-effector's movement in space (i.e., trajectory path). This path representation, and hence the ability to imitate moving trajectories, is disrupted by a stroke in the left dorsal premotor cortex. Critically, this disruption cannot be attributed to general impairments due to the stroke, particularly as it manifests in the non-paretic arm and there is no impairment when imitating straight point-to-point gestures. Moreover, cueing trajectories by an actor or a cursor yield similar performance accuracy in patients, supporting the body-independent nature of this representation in contrast to the possibility of copying movement dynamics in a body-dependent manner using a body-schema representation (Schwoebel et al., 2004) . These results thus reveal a novel route to imitation in humans that relies on an abstract trajectory representation. Finally, behavioral and anatomic dissociations between the imitation of movement trajectories and the ability to identifying their static shapes suggest distinct roles for parietal and premotor cortices in imitation.
Imitation can occur by forming a representation of the trajectory path Our findings reveal that individuals can imitate by using a representation of the trajectory path to guide the mimicked movement. In our task, participants imitated trajectories generated by an actor, which provided full information about the relative positioning of the body segments, or a cursor, which provided only information about movement of the end-effector. Despite the difference in body-postural information, imitation of cursors and actors (cursor or body conditions, respectively) was not noticeably different for either the patient group or for the control group. This is consistent with research suggesting that participants attend only to the effector that is most relevant for imitation of the action (Matarića and Pomplunb, 1998) .
Moreover, a trajectory-based route for imitation can explain how species such as dolphins or parrots are able to successfully imitate humans Moore, 1992; Xitco Jr et al., 1998) , despite having bodies that do not afford a one-to-one replication of limb and joint positions. Thus, our data support the hypothesis of a route to imitation via a body-independent representation of trajectory path.
Our prior research suggests that neurologically-intact individuals do form such trajectorypath representations when planning more complex actions such as reaches around obstacles (Wong et al., 2016) . Interestingly, the variance of the hand during reaching movements tends to be smaller than the variance of the elbow and shoulder joints (Sergio and Scott, 1998; Tseng et al., 2002) , supporting the hypothesis that movement planning involves the specification of the motion of the end-effector in space. These representations therefore likely describe not only the desired path of the movement trajectory, but additional kinematic information necessary to plan the movement along that path; hence, forming trajectory representations is likely an important stage of motor planning (Wong et al., 2015) . Such trajectory representations might be useful for anticipating the movement of an observed object by extrapolating its future motion (2017), or for overcoming unexpected perturbations of the limb when the spatiotemporal properties of the hand motion, such as the time at which the hand must be at the target, are instructed by the task (Cluff and Scott, 2015) . Furthermore, trajectory representations are useful when writing, and can explain the observed kinematic invariance across movement effectors (Rijntjes et al., 1999; Wright, 1990) or letter size (Kadmon Harpaz et al., 2014; van Galen and Teulings, 1983; Wing, 2000) . Indeed, the abstract nature of trajectory representations is consistent with the finding that movements are similar when cued verbally or through imitation, and similar deficits across both tasks are observed bilaterally with a unilateral left-hemisphere stroke (Weiss et al., 2001 ).
In fact, this abstract quality of a trajectory representation implies that actions such as imitated gestures can be represented in a fairly compact manner. That is, rather than calculating the motion of every joint of the limb, specifying a movement would only require a representation of the path of the desired trajectory of the end-effector -making the description of any given gesture more computationally tractable (Billard et al., 2004; Ijspeert et al., 2001) . Because this trajectory representation is not directly tied to the details of movement execution (e.g., controlling particular muscles), it would not need to be represented bilaterally; this provides one potential explanation for how a unilateral lesion in the left hemisphere can disrupt movement imitation bilaterally.
We propose that the ability to represent desired movement trajectories is useful more broadly for praxis (e.g., imitating gestures or pantomiming the use of tools). Tool use, for example, may be supported by the successful translation of an abstract trajectory-path representation of the tool's effector into a movement produced with one's body; thus, the ability to represent abstract trajectories may provide insight into an important route not only for imitation but also for pantomime and tool use. Reliance on such a trajectory representation is consistent with some previous descriptions of apraxia positing that imitation and tool-use abilities depend upon representations of "time-space-form pictures" of movements that precede the encoding of "innervatory patterns" required for moving a specific limb (Geschwind, 1975; Liepmann, 1905; Mack et al., 1993) .
Dissociation between production and perceptual reporting
In addition to deficits in producing trajectories by imitation, stroke participants had difficulties reporting the shapes of trajectories that they simply observed. Curiously, individuals who had difficulty actually producing trajectory paths were often not the same individuals who had difficulties reporting the observed trajectory shapes. This dissociation was evident behaviorally, in that performance of the two tasks was uncorrelated, with some patients performing significantly worse than controls in only one of the two tasks.
Although it seems surprising that participants would be impaired at only the perceptual task, this could arise for a few reasons. For one, the Perceptual task requires recognition in comparing the stimulus motion with the provided static shape, whereas the Production task requires recall of the model's action. Thus, consistent with the previous literature suggesting that recognition and recall arise from distinct processes (Anderson and Bower, 1972; Hollingworth, 1913; Kintsch, 1970; Tulving, 1976) ; tasks invoking recognition versus recall may be uncorrelated. Additionally, the Perception and Production tasks likely possess distinct, unshared processing stages. For example, the Perceptual task likely requires visual imagery to think about the observed movement, a transformation from a dynamic movement to a static image (Korneev and Kurgansky, 2014) , and cognitive processes such as distinguishing between mirror-reversed shapes -an ability that is known to be impaired in patients with lesions in the parietal lobe (Davidoff and Warrington, 2001 ) -that facilitate the comparison between the two paths. These additional processes are unlikely to be required in the Production task. Thus, there may not be a deficit in perception of the movement per se, but on the operations that need to be applied to that perception that distinguish performance in the two tasks. For these reasons, performance on the Production and Perceptual tasks may dissociate.
Additionally, the Production and Perception tasks were dissociated not only at the behavioral level, but also neurally. Deficits in the Production task were correlated with lesions in dorsal premotor cortex (PMd, Brodmann area 6) whereas deficits in the Perception task were correlated with lesions in a portion of inferior parietal lobule (supramarginal gyrus, Brodmann area 40). This distinction is consistent with a long-recognized posterior-to-anterior gradient in the brain regions required for perception versus production (Liepmann, 1905) , and implicates the dorsal premotor cortex as being particularly relevant for representing abstract trajectories for planning upcoming movements. In particular, whereas the Production task requires the representation of an abstract trajectory as part of motor planning, the Perception task may require alternative processes such as mental rotations to reconstruct the correct relative positioning of the limb segments, or recognizing that two actions are similar -computations of a more perceptual flavor that have previously been associated with posterior parietal cortex (Bonda et al., 1995; Kable et al., 2005; Zacks, 2008 ).
Although we observe a neural dissociation between dorsal premotor cortex and posterior parietal cortex in our data, previous research has suggested that neurons in both of these regions modulate their firing rate according to the path that monkeys take to reach a particular goal (Hatsopoulos et al., 2007; Wise, 1990, 1991; Pearce and Moran, 2012; Schwartz, 1994; Torres et al., 2013) . However, in such studies, it is unclear that non-human primates are actually planning the trajectories of their movements; the complex actions produced in these tasks are typically elicited through tracing (Moran and Schwartz, 1999) or by operantly conditioning a series of small movement segments (Averbeck et al., 2006) . Moreover, nonhuman primates are generally thought to be poor imitators relative to children (Subiaul, 2016) ; to the extent that they do imitate, it is done either by reproducing the action goal rather than the kinematics of the movement itself (Subiaul, 2016; Whiten et al., 2004) , or by attending to the joint angles of the entire limb rather than the motion of the end-effector (Kumashiro et al., 2003) .
Hence, non-human primates may not be planning actions in the same way that humans do, and thus these studies may not be informative regarding the manner in which humans represent movement trajectories.
Two routes to imitation
That the imitation of actions -particularly body configurations -is challenging is attested to by the admiration we have for mime artists. One possible source of the difficulty in imitating bodies is that copying the entire limb requires replication of the positioning of each limb segment. A trajectory-representation approach might require planning a distinct trajectory per limb segment (Ijspeert et al., 2001) ; however, humans have difficulty planning multiple trajectories simultaneously (Albert and Ivry, 2009 ). Alternatively, it may be possible to copy an entire body configuration, which suggests the existence of an internal representation of the body to which appropriate transformations could be specified. Our data hint at the possibility of a difference between reporting the motion of bodies versus cursors in both the behavioral and neural measures in the Perception task. Furthermore, previous research has shown that in imitation, kinematic errors during the movement can dissociate from postural errors at the end of the movement (Hermsdorfer et al., 1996) . This suggests that imitation could be carried out in two ways: either by copying a movement trajectory or a body-part-relationship goal.
In fact, previous research has focused on the idea that imitation relies upon a specialized representation of the body that describes the relative positioning and motion of body parts -i.e., a body schema representation (Goldenberg, 2013) . This body-dependent route to imitation is based on prior studies that have, in large part, required imitation of an actor by moving their own bodies or a surrogate such as a manikin (Goldenberg, 1995; Goldenberg and Hagmann, 1997; Harrington and Haaland, 1997) , and scored imitation ability according to the successful positioning of the body segments (e.g., upper arm, forearm, and hand) throughout the action (Tarhan et al., 2015) . Thus these studies have claimed the existence of a body-specific representation for imitation (Buxbaum et al., 2000; Goldenberg, 1999; Goldenberg, 2013; Schwoebel et al., 2004) , recognizing the importance of observing the entire limb and its joints while imitating actions (Kumashiro et al., 2003) .
However, much of the research regarding this route to imitation have relied on the ability to perceive and mimic static postures; hence, the imitation of dynamic gestures need not specify movement kinematics, but could instead be performed by linking together a series of static postures to be attained. This suggests that body-schema representations are likely more perceptual-flavored and directly informed by cognitive processes as action recognition or mental rotation, rather than being a motor-planning stage; consistent with this idea, previous work has suggested that body-schema representations reside in parietal cortex (Chaminade et al., 2005) . In contrast, we propose that trajectory representations are much more "motor" flavored in that they contain information regarding the kinematics of the trajectory motion along with its path. Hence, we conjecture that the functional distinction between the inferior parietal lobe and dorsal premotor cortex that we observed across our two tasks may parallel these two distinct routes to imitation.
It remains to be seen under what circumstances an abstract trajectory or body-schema
representation is employed to support imitation. For example, deficits associated with relative positioning of the individual body segments are frequently observed in the imitation of both dynamic movements (Buxbaum et al., 2014) and static postures (Goldenberg and Hagmann, 1997) . These deficits could potentially be observed if the task instructions (or individual strategy) favors mimicry of the motion and positioning of the entire body rather than only the end-effector. Our task places a strong emphasis on copying of the endpoint trajectory, hence it is perhaps unsurprising that we did not observe body-dependence for imitation. Other tasks examining imitation have reported that measures of hand-posture configuration accuracy, rather than kinematic features (i.e., amplitude and timing), may be more sensitive measure of imitation deficits (Buxbaum et al., 2007) . This suggests that if individuals take imitation to mean more than just copying of the motion of the endpoint, they may utilize body-dependent processing routes (Schwoebel et al., 2004) . Thus, while our data suggest that dynamic movements can be imitated by simply representing the trajectory path in a body-independent manner, future work is required to determine whether such representations are used for imitation more broadly.
Conclusions
This study sought to examine imitation, particularly that specialized human ability to copy gestures that are novel or meaningless. Specifically, we tested the hypothesis, based on our prior research, that our ability to represent trajectory paths can be employed to copy meaningless actions, and sought to identify where in the praxis network spanning the left fronto-parietal cortex such a trajectory-path representation exists. Our findings confirm the importance of an abstract (body-independent) trajectory-path representation for planning and executing complex actions such as copying gestures, which can be dissociated behaviorally and neurally from the ability to accurately report the shape of the observed action. Furthermore, we provide strong evidence that damage to dorsal premotor cortex disrupts this ability to represent trajectory shapes, giving rise to deficits in the ability to imitate meaningless actions.
METHODS
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Experimental Model and Subject Details
Twenty-one chronic stroke survivors with lesions confined to the left hemisphere (8 female) and thirteen neurologically intact controls (7 female) completed the experiment. The stroke group was marginally younger than the control group (57.4 ± 10.1 years vs. 64.2 ± 11.1 years, p = 0.086), thus any detrimental effects of aging on performance would be reflected more heavily in the control group than the patient group. All participants provided written consent to participate in the study in accordance with the guidelines of the Einstein Medical Center
Institutional Review Board and were compensated for their participation.
Method Details
All participants completed two tasks as part of this experiment: the Production task and the Perception task (details below). Each task consisted of two trial phases. The first phase was a practice block in which participants were provided with instructions on how to complete the task, were shown how to perform the task, and then allowed to rehearse three example trials in which they were given feedback regarding their performance. Following this, participants completed a test phase during which they received no further reminders of task instructions or feedback regarding their accuracy in performing the task. Participants received different stimuli during the practice and test blocks.
Trajectory production task
In the Production task, participants executed two dimensional movements by sliding their fingertip along the surface of a vertically mounted sheet of clear Plexiglass. The left arm was used for all participants so that the stroke group would produce movements with the ipsilesional limb. Stimulus trajectories varied in size, but all were contained within a 38 cm x 56 cm area at the center of the board. Participants sat at a distance that allowed them to comfortably perform We manipulated task difficulty by providing a differing number of visible landmarks (2 cm diameter circular dots placed on the Plexiglass) under the hypothesis that landmarks could potentially be used as reference points to subdivide a complex action into simpler point-to-point reaches, thus reducing the trajectory planning requirements. Stimuli were thus cued with reference to either a single central landmark or with four additional landmarks bounding a rectangular workspace. However, in general we found that varying the number of landmarks did not significantly impact performance; thus while we include a landmark factor in our statistical models for completeness (see Quantification and Statistical Analysis below), for conciseness we do not report the outcomes of statistical tests of this factor in the Results.
More importantly, each trajectory was reproduced under two levels of stimulus type (body or cursor). As described in the Introduction, this stimulus-type manipulation was included to test whether imitation is dependent upon the ability to observe and represent the relative positions of limb segments during the action, or if imitation instead can be performed more abstractly by replicating only the kinematics of the end-effector. Video stimuli for the body condition consisted of a seated actor producing trajectories on a Plexiglass board identical to the one in front of the participant (i.e., with the same number of landmarks). The actor was shown facing the participant and moving his right arm so that the experimenter's arm mirrored the participant's left arm. Participants were trained to imitate the mirrored version of the actor; no mirror-inversion mistakes were observed for either the patients or the controls during this task.
Video stimuli for the cursor condition consisted of a single black cursor moving over a white background, with landmarks visible as appropriate. Cursor trajectories were created from motion tracking data collected during filming of the body stimuli, resulting in identical end-effector movement trajectories for the two stimulus types. Participants completed two blocks of trials; the two levels of the landmark factor (1 or 5) were manipulated between-blocks, while the two levels of the stimulus type factor (body or cursor) were intermixed within blocks.
The experiment also included a third stimulus-type condition that was intended to test whether any potential disruption of performance in the body condition (relative to the cursor condition) would occur for jointed non-body stimuli. Like the cursor condition, stimuli in this "stick" condition were derived from the body condition kinematic data, but used the location of the elbow and shoulder from the actor in addition to the fingertip location. The three points on the body were used to create a two-segment stick-figure arm that ended at a cursor which represented the fingertip position (identical to the cursor in the cursor condition). Data from this condition were not included because participants found this condition to be confusing, due to the high overlap caused by projection of the 3D line segment motion into a 2D plane, as confirmed by reliably worse performance compared to the other conditions across all participants and tasks.
Since performance in this stick condition did not offer meaningful insight into trajectory imitation per se, it was excluded from further analysis.
As part of this task, we also examined the ability of patients and controls to imitate simple point-to-point reaches by evaluating the ability to imitate the initial segment of one of the more complex movement trajectories (see below for details). Analysis of point-to-point movements allows us to control for whether observed imitation deficits could be attributed to deficits in accurately producing components of the complex trajectories.
Trajectory perception task
Deficits in imitating trajectories could be attributed to one of two possible causes:
impairment in the ability to plan the necessary trajectory shape, or difficulty with perceiving and/or recalling the required shape after the delay period (i.e., a perceptual or working-memory problem). To distinguish between these possibilities, participants were additionally required to complete a Perception task. In this task, participants were exposed to the identical video stimuli as in the Production task, but were asked to simply make a decision about the path they had observed rather than producing the actual movement. That is, stimuli consisted of two presentations of the same videos used in the Production task followed by a 1 second delay before the presentation of a static image of a trajectory shape. Participants were instructed to indicate "if the path in the picture is the same as the movement made in the video." The shape either matched the exact trajectory produced in the video or was a mirror image of the trajectory that was reflected about the vertical or horizontal axis; there were no significant differences in performance errors made for reflections about these two axes. The shape remained on the screen until participants indicated a match or non-match by pressing one of two buttons on a computer keyboard with their left hand. Task accuracy and reaction time were measured, although due to technical difficulties reaction time data at the trial level were unavailable for 1 control and 2 stroke participants, and thus these individuals could not be included in analyses involving mixedeffects models (see Quantification and Statistical Analysis below).
As with the Production task, participants in the Perception task completed two blocks of trials; the two levels of the landmark factor (1 or 5) were manipulated between-blocks, and the two levels of the stimulus type factor (body or cursor) were intermixed within blocks. The order of the Production and Perception tasks were counterbalanced across participants.
Stroke group auditory comprehension
Patients with strokes completed the auditory comprehension subsection of the Western Aphasia Battery (Kertesz, 1982) , which quantifies capacity to understand verbal instructions.
Scores on the WAB were high (9.06 ± 1.32 out of 10 possible points). Thus, we felt confident that any group differences in performance could not be explained by differences in instruction comprehension.
Quantification and Statistical Analysis
Production Task
Response trajectories were recorded and analyzed offline using custom software written in Matlab (The MathWorks, Natick, MA). Fingertip velocity was calculated by smoothing the recorded fingertip position using a second-order Savitzky-Golay filter with a frame size of 19 samples, then taking the derivative. Movement start and end were identified as the time when the fore/aft reach velocity became minimal (< 0.03 m/s), reflecting the time when the participants contacted the Plexiglass surface and their primary axis of motion was along this surface. Each start and end time was verified by visual inspection. All motion produced between the identified start and end times was labeled as the complete imitated movement generated by the participant.
The three-dimensional data returned by the motion tracking system were projected into the plane of the Plexiglass surface to account for any small angular mismatch between the Plexiglass (on which the reference landmarks were positioned) and the vertical plane of the tracker axes.
Movements were smoothed and time-normalized using a b-spline fit with 200 points. Finally, the shape of the generated response was compared to the ideal template (the normalized and smoothed trajectory produced by the actor in the stimulus video) by performing a Procrustes distance analysis (Goodall, 1991) . The Procrustes distance analysis estimates the best translation, rotation, and scaling parameters that match the sample reach to the template, and returns a dissimilarity measure for the resulting transformed response trajectory shape (normalized between 0 and 1, with 0 being identical and 1 being completely dissimilar).
Data were analyzed using mixed-effects models including fixed effects of Group (patient or control), Stimulus type (body-cued or cursor-cued), Landmark (1-dot or 5-dot), Task order (Production first or Perception first), and random effects of Subject and Stimulus shape. Models were fit using the glmmTMB package in R (Magnusson et al., 2017) . Since the response outcome (Procrustes distance) did not follow a Gaussian distribution (being bounded between 0 and 1) a logarithmic link function was used in the model. Significant main effects were evaluated using likelihood ratio tests comparing a model with the effect of interest against a model without the effect of interest, with step-down Bonferroni-Holm corrections applied to address multiple comparisons.
Trajectory production control: point-to-point reaches Although patients were tested on their non-paretic side, we wanted to confirm that errors made during trajectory production could not be explained by more elementary deficits in producing straight movements. Thus, we isolated point-to-point reaches from the initial movement segment of one of the 5-landmark stimuli for both the body and cursor conditions. This particular stimulus was chosen because it afforded a reasonably long initial movement segment that started and ended on visible landmarks, thus providing clearly identified movement start and end positions that defined the desired movement. The movement segment of interest was identified using a velocity threshold (tangential velocity > 0.05 m/s), and was verified by visual inspection. To evaluate the quality of reproducing the point-to-point movement, we calculated the maximal reach deviation as the greatest absolute perpendicular deviation of the finger from the straight line between the initial and final fingertip position of the point-to-point reach. We also calculated the initial reach direction of the velocity vector 100 ms after movement onset, and the initial direction error as the signed difference between the initial reach direction of the participant and the ideal (actor) reach direction.
Data were analyzed with mixed-effects models with main effects of Group and Stimulus type (body-cued or cursor-cued), and random effect of Subject regressing against maximal reach deviation from a straight line or initial direction error. Models were fit using the lme4 package in R (Bates et al., 2015) . Significant effects were evaluated using likelihood ratio tests.
Perception Task
Reaction time (RT) was measured as the time between the onset of the static trajectory and initiation of a button-press response (reporting "same" or "different"). Accuracy and RT were analyzed with mixed-effects models with main effects of Group, Stimulus type (body-cued or cursor-cued), Landmark (1-dot or 5-dot), and Task order (Production first or Perception first), and random effects of Subject and Stimulus shape. The logarithm of the RT (logRT) was taken to reduce outliers and address the long-tail distribution. Models were fit using the glmmTMB package in R (Magnusson et al., 2017) , using a Gaussian link function in the case of logRT or a binomial family in the case of Accuracy. Significant main effects were evaluated using likelihood ratio tests comparing a model with the effect of interest against a model without the effect of interest; step-down Bonferroni-Holm corrections were applied to address multiple comparisons.
Correlations in performance between the Perception and Production tasks were tested by examining the relationship between Procrustes distance and accuracy or RT using mixed-effects models that also included fixed effects of Group (patient, control), Stimulus type (body-cued or cursor-cued), and Landmark (1-dot or 5-dot), and random effects of Subject and Stimulus shape.
Models were fit using the glmmTMB package in R (Magnusson et al., 2017) , using a logarithmic link function. Significant main effects were evaluated using likelihood ratio tests comparing a model with the effect of interest against a model without the effect of interest, with step-down Bonferroni-Holm corrections applied to address multiple comparisons.
Lesion location identification T1-weighted MRI brain scans (15 patients) or CT scans without contrast if MRI was contraindicated (6 patients) were used to identify lesion locations. Lesions were segmented under the supervision of a neurologist (H. Branch Coslett) who was blind to all behavioral data. Details of the lesion location identification procedure can be found in Kalénine et al. (2010) . Individual lesion locations for all stroke participants are shown in Figure 1 . Total lesion volume for each individual patient was then calculated (71,850 ± 34,488 mm 3 ) and used as a control for overall stroke severity (see below).
Support vector regression lesion-symptom mapping
Support vector regression lesion-symptom mapping (SVR-LSM) (Zhang et al., 2014) uses machine learning techniques for multiple regression to train a model to predict behavioral scores using the full lesion maps of all participants. SVR-LSM is a significant improvement over earlier techniques such as voxel-based lesion-symptom mapping (VLSM) (Bates et al., 2003) , which perform all analyses at the individual voxel level and then aggregate across voxels to create a full-brain map. By predicting behavioral scores using all voxels simultaneously, SVR-LSM has the capability to avoid vasculature-related biases that can systematically distort lesionsymptom maps (Mah et al., 2014) .
The SVR-LSM analyses were performed using software provided by Zhang and colleagues (Zhang et al., 2014 ; https://cfn.upenn.edu/~zewang/) and modified to include a cluster-wise correction for multiple comparisons (P. Turkeltaub, personal communication). All analyses were run using Matlab R2017a. Statistical significance was determined using both voxel-wise and cluster-wise corrections for multiple comparisons. First, a beta-map of the observed data was computed. This beta-map regressed out the effects of total lesion volume in both the behavioral and lesion data to avoid identifying spurious voxels whose lesion status correlates with lesion volume. Only voxels damaged in at least three participants (15% of the stroke group) were included in the analyses. The observed beta-map was compared to beta-maps derived from 1,000 Monte-Carlo style permutations, where behavioral scores were randomly paired with lesion maps. These permutations were used to derive a voxel-wise p-map. The SVR-LSM analysis of the Production task data averaging across the body and cursor conditions ( Figure 7A ) was thresholded using the most stringent criteria; p < 0.005 for the voxel-wise map and then subjected to a p < 0.05 permutation-derived cluster-level correction for multiple comparisons (the standard method of correcting for multiple comparisons in neuroimaging studies (Woo et al., 2014) . For analyses that failed to produce results at this threshold, reduced statistical thresholds were used as noted in the main text. For analyses of the Production task data that separately examined performance in the body and cursor conditions ( Figure 7B ), a p < 0.05 voxel-wise and p < 0.05 cluster-level correction for multiple comparisons was used. For all analyses of the Perception task data ( Figure 7C -F), a p < 0.05 voxel-wise threshold without correction for multiple comparisons was used.
We additionally performed region of interest (ROI) analyses to confirm whether there was any relationship between performance in either the Production or Perception task and the percentage of lesioned voxels within three ROIs selected a priori: Brodmann area 6 (premotor cortex), Brodmann areas 39 (angular gyrus), and Brodmann area 40 (supramarginal gyrus).
Mixed effects models were run using the glmmTMB package in R (Magnusson et al., 2017) and included fixed effects of Total Lesion Volume, Stimulus type (body or cursor), and Landmark
(1-dot or 5-dot). Models also included random effects of Subject and Stimulus shape. Significant main effects were evaluated using likelihood ratio tests comparing a model with the effect of interest against a model without the effect of interest, with step-down Bonferroni-Holm corrections applied to address multiple comparisons.
